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The process of heat-treatment of heat-insulating foam glass is analyzed by means of mathematical modeling. 
The effect of the highly porous structure and radiation characteristics of the material on the technology used to 
manufacture the material is determined. 


Energy conservation under industrial and household con¬ 
ditions is one of the main problems in the present economic 
situation because energy resources are becoming more and 
more expensive. A particular case of this problem is decreas¬ 
ing the use of heat in heat-treatment processes and for heat¬ 
ing buildings and structures. One way to conserve heat is to 
use efficient heat-insulating materials. There are diverse di¬ 
rections for using highly porous heat-insulating materials for 
this purpose, and therefore the practical properties of such 
materials depend on their application and will vary. 

The use of heat insulators at high temperatures (above 
400°C) requires decreasing the radiation penetrability of ma¬ 
terials. The highest structural strength together with the low¬ 
est thermal conductivity is required for heat-insulating com¬ 
ponents which are subjected to a load. On the other hand, 
even if there is essentially no load and the heat insulator is 
used under normal conditions, the questions of the optimal 
pore size in the conducting material and the ratio of the mini¬ 
mum cost for producing foam glass and the maximum heat- 
insulating properties of the manufactured product remain. 

Let us examine the effect of the composition of a raw 
materials batch on the absorptivity of the highly porous foam 
glass obtained. 

Analysis of the data in Fig. 1 showed that samples Nos. 6 
and 8, which were manufactured using a carbon-containing 
foaming agent, possess the highest absorptivity, which is 1.5 
and more times greater than that of samples obtained using a 
carbonate foaming agent (Nos. 1, 2, 5, 7, 9, and No. 3, which 
has a similar glass composition). 
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The integral radiation characteristics of a these samples 
of foam glass are presented in Table 1. The absorptivity of 
these samples increases substantially (by a factor of 2.6) 
when Fe 2 0 3 is added (samples Nos. 1, 2, and 5). The tempe¬ 
rature regime required to obtain the samples (overheating) 
has only a negligible effect on the integral absorptivity (sam¬ 
ples Nos. 2 and 5), but it causes matter to be redistributed. 

In summary, the absorptivity of foam glass depends not 
only on the initial composition of the glass but also on the 
form of the foaming agent, the character of the heat treat¬ 
ment, and other factors. 

Let us examine the effect of the absorptivity on the ther¬ 
mal characteristics of foam glass. Using a mathematical 
model of the structure of foam glass, we shall determine the 
dependence of the distribution of the heat field over the 
cross-section of a sample of foam glass on the absorptivity 
with uniform cooling. 



Fig. 1 . IR spectrograms of the experimental samples. The numbers 
on the curves are the sample numbers. 
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Fig. 3. The absorptivity versus the temperature distribution over the 
cross-section of a sample. 


to the lowest stress-strain state generated in the system by 
heat. 

This situation is ideal for heat-treating glass-based parts 
(for glass with infinite thermal conductivity): 

X —» oo: d Q = — dS dr; 
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Fig. 2. Distribution of temperature and stress over the cross-section 
of the sample: 1 ) start of heat treatment; 2 ) intermediate value; 
3 ) end of heat treatment. 


For convenience in presenting the data we shall intro¬ 
duce a criterion for the distribution of the heat field — the 
minimum-to-maximum temperature ratio of the heat field: 

— ^min Amax * 

This criterion shows how close to a uniform state the dis¬ 
tribution of the temperature field over the cross-section of 
the sample is. If the temperature values of the temperature 
field are the same, then this criterion will be 1 and the tem¬ 
perature gradient between layers will be 0 (Fig. 2). Such a 
distribution of the temperatures of the layers will correspond 


TABLE 1. 


Sample No. 

Foaming agent 

Absorptivity 

Transmissivity 

1 

Chalk 

0.55 

0.35 

2 

n 

0.21 

0.69 

3 

n 

0.45 

0.45 

* 

4 

No data 

0.40 

0.50 

5 

Chalk 

0.21 

0.69 

6 

Carbon + soot 

0.70 

0.20 

7 

Chalk 

0.45 

0.45 

8 

Soot 

0.60 

0.30 

9 

Chalk 

0.30 

0.60 


Sample provided by the Foamglass Company. 
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where X is the thermal conductivity, Q is the heat flux, n is 
the thickness, S is the area, and x is the time. 

However, the heat-insulation properties of a material are 
characterized by the heat resistance — the reciprocal of the 
thermal conductivity. In this connection, ideally, the criterion 
K d for heat-insulating materials should go to zero. 

The dependence of the distribution K d of the temperature 
field over the cross-section of a sample on the regime ab¬ 
sorptivity A r at the end of heat treatment is displayed in 
Fig. 3. As the absorptivity of the foam-glass matrix in¬ 
creases, the temperature field becomes more evenly distri¬ 
buted over the cross-section of the sample. Evidently, this is 
because, as the absorptivity increases, the radiation compo¬ 
nent plays an increasingly larger role in the resulting heat 
flux as compared with other methods of heat transfer, since 
the layers of the foam glass absorbs more thermal radiation. 
However, it is evident on the basis of the data in Fig. 4 that 
the effective thermal conductivity X eff of the material in¬ 
creases substantially, and therefore the heat-insulating pro¬ 
perties of the foam glass degrade at high operating tempera¬ 
tures (above 400°C). However, at temperatures of the order 
of 20°C the radiative heat flux actually has no effect on the 
overall thermal conductivity of the material. 

On the other hand, as the absorptivity of the material de¬ 
creases (Fig. 5), the residual stresses increase. This makes 
the heat-treatment regime more severe and substantially in¬ 
creases energy consumption. 

In summary, the absorptivity of layers of foam glass 
must be regulated by taking account of the future application 
of the glass and by optimizing the manufacturing process. 
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Fig. 4. Effective thermal conductivity versus temperature. 

When foam glass is used at temperatures only slightly above 
normal values (up to 200°C), efforts must be made to obtain 
a foam glass with the highest possible absorptivity, making it 
possible to produce more uniform temperatures over the 
cross-section of articles. 

This approach will make it possible to obtain more uni¬ 
formly distributed pores and to decrease the thermal defor¬ 
mation of an article (residual and temporary stresses) and 
energy consumption for foaming and annealing the foam 
glass. 

The pore size, porosity, and density are the main parame¬ 
ters affecting the heat insulation properties of foam glass 
and, correspondingly, determining its operational characte¬ 
ristics as a heat insulator. However, if it is known that in¬ 
creasing the porosity and decreasing the density improve the 
heat insulation properties (decrease the effective thermal 
conductivity), then the effect of pore diameter on them re¬ 
quires additional study. 

As the pores in a sample increase in size, the radiation 
component of the heat flux increases somewhat and therefore 
the effective thermal conductivity of the foam glass at high 
temperatures increases. This effect will have a positive influ¬ 
ence on the foam-glass manufacturing technology, promot¬ 
ing a decrease of residual stresses and therefore lower energy 
consumption for production (annealing). However, on the 
other hand, it is believed that as pore size decreases, the 
strength of the finished articles increases [1], i.e., the ulti¬ 
mate strength and, correspondingly, the admissible stresses 
which the foam-glass sample can withstand without collaps¬ 
ing, increases. This makes it possible to decrease the anneal¬ 
ing time of the foam glass at temperatures below 480°C. 

In summary, the answer to the question of the most effec¬ 
tive pore size for a manufacturing operation is not unique 
and requires a more detailed analysis. 

Figure 6 displays the results of modeling of the thermal 
conductivity of foam glass with pore sizes ranging from 1 to 
8 mm and density 200 kg/m 3 depending on the temperature. 
The plots reflect the pore-size dependence of the thermal 
conductivity of the foam glass for the temperatures of inte¬ 
rest to us: the average temperature at which the foam glass is 
used for exterior facing of buildings — 20°C, maximum tem- 
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Fig. 5. Effect of the absorptivity of foam glass on residual stresses. 





Fig. 6. Thermal conductivity of foam glass versus pore size at tem¬ 
peratures 800 ( 1 ), 650 (2), 450 (3 ), and 20°C ( 4 ). 

perature at which the foam glass is used — 450°C, annealing 
start temperature — 650°C, and maximum foaming tempera¬ 
ture — 800°C. 

An increase of pore size at low temperatures actually has 
no effect on the thermal conductivity of foam glass (a diffe¬ 
rence of a factor of 1.16), and the pore size must be de¬ 
creased to the maximum extent possible in order to increase 
the strength of an article. However, at the highest operating 
temperature of foam glass an increase of pore size from 1 to 
8 mm increases the thermal conductivity by a factor of 2.3, 
and therefore reducing the pore size to a minimum improves 
the heat insulating properties of the article. At the highest 
manufacturing process temperatures an increase of the pore 
size results in an increase of the thermal conductivity of 
foam glass by a factor of 2.7 with annealing and by a factor 
of 3.6 with foaming, lowering the energy consumption for 
heat treatment. 

In summary, in order to manufacture of foam glass effec¬ 
tively it is necessary to take into account the subsequent use 
and optimal structure of the heat-insulating material obtained. 
However, this requires using an effective system for control¬ 
ling production with the maximum possible automation of 
the process of changing over to a new form of production. 
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